The method of centroids is an approach to the analysis of three-dimensional whole-brain positron emis sion tomography (PET) metabolic images. It utilizes the brain's geometric centroid and metabolic centroid so as to objectively characterize the central tendency of the dis tribution of metabolic activity in the brain. The method characterizes the three-dimensional PET metabolic image in terms of four parameters: the coordinates of the met abolic centroid and the mean metabolic rate of the whole brain. These parameters are not sensitive to spatially uni form random noise or to the position of the subject's head within a uniform PET camera field of view. The method has been applied to 40 normal subjects, 22 schizophrenics who were treated with neuroleptics, and 20 schizophren-This communication describes an approach to the analysis of the three-dimensional distribution of the metabolic rate of glucose in brain images made by positron emission tomography (PET). Most PET studies of cerebral glucose metabolism involve measuring the brain activity within an anatomically defined region of interest (ROI). This strategy has been useful in quantitating regional differences in glucose metabolism (Baxter et aI. , 1985; Buchs-
ics who were neuroleptic-free. The mean metabolic cen troid of the normal subjects was found to be superior to the mean geometric centroid of the brain. The mean met abolic centroid of chronic schizophrenics is lower and more posterior to the mean geometric centroid than is that of normals. This difference is greater in medicated than in unmedicated schizophrenics. The posterior and downward displacement of the mean metabolic centroid is consistent with the concepts of hypofrontality, hyper activity of subcortical structures, and neuroleptic effect in schizophrenics. Key Words: Brain asymmetries Cerebral glucose metabolism-Positron emission tomog raphy-Schizophrenia-Three-dimensional analysis Whole-brain analysis. baum et aI. , 1982 , 1984 Kling et aI., 1986 , Volkow et aI. , 1986a as well as in assessing the consequences of treatment on regional metabolism (Brodie et aI., 1984 (Brodie et aI., , 1985 DeLisi et al., 1985a,b; Wolkin et aI. , 1985) . However, this approach has several well-known shortcomings: (a) The selection of a predefined ROI remains to be made standard among investigators who often differ on, e.g. , the number of slices from which the ROIs are drawn, as well as the total number of ROls, their size, geo metrical shape, and location. (b) The selection of ROls assumes that the anatomic ROls correspond to well-delineated functional brain areas, even though it has been shown that even well-cat egorized structures such as the basal ganglia are actually functionally heterogeneous (Schneider, 1984) . (c) In most of the studies, ROI selection is based on predefined anatomical structures, using a brain atlas as a reference without consideration of the anatomic variations reported among patients and normal subjects (Andreasen et al. , 1986; Dek aban and Lieberman, 1964; Fox et al., 1985; Hatazawa et al. , 1987; MacKinnon, 1955) . The strategy of defining ROls is particularly sensitive to variations in the positioning of the subject's head within the PET camera.
To complement the ROI approach, we propose an objective method for analyzing PET images that characterizes the central tendency of the global dis tribution of metabolic activity in the brain in rela tionship to its geometric coordinate system. The geometric principal axes of the brain are defined on the basis of each subject's unique brain structure. The method of centroids, as we have named the procedure, (a) does not require that predefined re gions be selected; (b) is insensitive to spatially uni form random noise and positioning of the head in a PET camera's uniform field of view; (c) provides summary statements about the distribution of the PET metabolic measurements depicting the three dimensional brain in terms of only four parameters: the three coordinates of the metabolic centroid (x,y,z) and the mean glucose metabolic rate of the whole brain; (d) provides a simple and automatic on-line procedure by which to perform global anal yses of the metabolic distribution of the brain by the PET method; and (e) can be easily applied to a pre selected single two-dimensional brain image of spe cial interest or to a set of preselected ROls.
To test the usefulness of this method, we com pared the centroids measured in a group of 40 nor mal human subjects with those measured in 20 schizophrenic patients who were medication-free and 22 schizophrenics who were receiving clinical treatment with neuroleptic agents.
METHODS

Theory
Let the metabolic value, free of noise, at a point (x,y, z) in a three-dimensional image be denoted by m(x, y, z). To compute the physical shape of the brain, we employ the information in m(x, y, z) by considering all the points with a positive amount of metabolic activity. Such a point may be gray matter, white matter, or a mixture of both, and the tissues may be activated or quiescent.
Define M(x, y,z), a mathematical Kronecker delta func tion that characterizes the geometric shape of the brain, by
The coordinates of the geometric center or rather the geometric centroid (xg,yg,Zg) of the brain-shaped body M(x, y, z) are
(2)
In these expressions the symbol Iv Mdv denotes the vol ume integral of M(x, y, z) over the entire three-dimensional brain image. Its numerical value is the brain volume of a subject whose brain shape is characterized by the func tion M(x, y, z). Now define the coordinates of the metabolic centroid vector R with respect to the geometric centroid as
In these expressions the symbol J vmdv denotes the vol ume integral of m(x, y, Z) and therefore represents the total metabolic rate for the entire three-dimensional brain. It follows that the ratio may defined by
is the average metabolic rate per unit volume of the whole three-dimensional brain.
The length of the metabolic centroid vector R, i.e., the metabolic radius, is equal to (5) A brain with perfectly symmetrical metabolic activity m(x, y, z) with respect to the geometric centroid has a met abolic radius equal to zero. I RI increases with increasing asymmetry.
For a fixed total metabolic rate, the metabolic centroid will depend on the geometry of the individual brain. Therefore, to compare the metabolic centroids of two groups of individuals, it is necessary to make an adjust ment for the individual variation in brain size. This can be accomplished by relating each of the centroid coordinates to the mean brain volume of the group V, e.g., Xm = xm/(J vmdviV)I/3. It can be shown following Hu (196 1) and Goldstein (1980) that if the coordinates (xm,ym,zm) are projected into the principal axes of the brain, then the coordinates of the metabolic centroid are independent of the coordinate sys tem of the PET camera and are determined by the geom etry of the individual brain being studied. The standard formulas to determine the principal axes and the projec tion matrix can be found in Goldstein (980) and are briefly reviewed in the Appendix. This theoretical invari ance, however, is valid only for a PET camera with a uniform field of view. If the resolution and sensitivity are not constant throughout the camera sampling volume, the PET image will be distorted and the invariance properties of the method will be affected. The relative insensitivity of the method to camera nonlinearity will be illustrated with phantom brains in the following section.
For a PET camera with a uniform field of view, it can be shown that the metabolic centroid is immune to vari ations in head position in the PET camera. It follows, therefore, that the metabolic radius R is invariant with respect to head translations and rotations within the PET camera between scans.
It can also be shown that since the volume integrals J ).)dv appearing in Eq. 3 include the whole brain, the metabolic radius I RI is insensitive to the internal location of the brain with respect to the skull. In particular, it is insensitive to the canthomeatal line that is often used to define an external reference plane for positioning and re positioning the subject's head within the PET camera. This invariance also holds for may' the average metabolic rate per unit volume of the whole brain.
These invariance properties are a consequence of the fact that the parameters may and R are measured with respect to a geometric coordinate axis defined by the pa tient's own brain and not by an external reference sys tem. Because the brain's geometry is independent of its position and orientation with respect to the PET camera, obviously the metabolic centroid will not be affected by translations and rotations of the geometric principal axes.
Computation and numerical approximation
In practice the PET camera can measure the metabolic distribution m(x,Y,z) only within a limited number of pix els. By stacking a set of two-dimensional brain images measured along the z or vertical axis of the brain, a three dimensional brain image, composed of voxels (three dimensional pixels) centered at coordinates (x,y,z), is formed. The edge of the skull may be detected by one of many algorithms and the low-amplitude noise in the PET image may be removed by discarding points having met abolic values less than a predetermined threshold, (e.g., 25% of the maximum value).
Let (Xj,YpZ k) be the coordinate point located at the cen ter of voxel (iJ,k) and define where Xi = iilx i = 0, 1, 2, ... ,/ Yj = jt::. . y j = 0, 1, 2, ... ,J Zk = kt::. . z k = 1, 2, ... ,K
As a quantitative example of these incremental dis tances ilx and t::. . y, the transaxial plane pixel dimensions are each 2.78 mm for the PETT VI camera at the Brookhaven National Laboratory. When a three dimensional data set is formed by interlacing two seven- Vol. 9, No. 3, 1989 slice scans, t::. . z is equal to 7.2 mm. The reconstruction algorithm used by this camera sets I and J equal to 100 and K equal to 14.
To evaluate the integrals such as those given in Eq. 2, 3, and 4 for any integrandj(x,y,z), we let I v j{x ,y ,z )dv = I I I j{x ,y ,z )dxdydz = 2: 2: 2: j{Xi, yj, Zk)ilxt::. . yt::. .
This approximation provides numerical accuracy well within the limits of the PET camera's measurement un certainty.
Numerical experiments using phantom brains
Several simple mathematical brain phantoms whose geometric and metabolic centroids were determined a pri ori were used to test the spatial accuracy of the centroid method. The phantoms were chosen to model the numer ical characteristics of the PETT VI images in a 100 x 100 x 14 matrix. Phantom brain 1 was a "three-dimensional box " made up of 14 slices, each slice being divided into 81 x 41 pixels, yielding a total of 46,494 voxels. To each voxel was assigned a uniform metabolic activity of m = 5.0 mg glucose/ 100 g tissue/min, according to the expression mj j. k = 5, i = 30, (1), 70, j = 10, 0), 90, k = 1, (1), 14. This number of voxels and the value of m are typical for PETT VI images. The metabolic centroid is obviously at the center of this brain phantom, namely, at Xm = 0, Ym = 0, Zm = 0. Phantom brain 2 was geometrically identical to phan tom brain 1, except that a region of 11 x 41 x 14 voxels was assigned to be a "frontal lobe." By changing the voxel metabolic values in this "frontal lobe, " according to the expression miJ,k = 5 i = 30, (1), 70, j = 10, (1), 79, k = 1, (1), 14 miJ,k = 5h, i = 30, (1 ), 70, j = 80, (1), 90, k = 1, (1), 14, h = 1.0, 0.9, 0.5, 0.1, 0.0 1 a set of five three-dimensional brain image data sets was formed with frontal activation of 100, 90, 50, 10, and 1% based on a maximum of 5 mg glucose/ 100 g tissue/min. In other words, a series of phantom brains of increasing hy pofrontality was generated. The geometric centroid is by definition at the center of each brain phantom in the set of five, but the metabolic centroid varies from Xm = 0, Y m = 0, Zm = ° for 100% relative frontal activity to X m = 0, Y m = -5.43, Zm = ° for 1 % relative frontal activity.
Phantom brains 3 and 4 were geometrically identical to phantom brain 2 and had similar metabolic distribution mj j. k for each level of hypofrontality, except that to each voxel's metabolic activity random noise was added ac cording to the expression mj j . k = mj j . k + N(0, ( 1 2) with (1 = (mj .j . k) l /2 for phantom brain 3 and (1 = mj j, k for phantom bram 4; if the addition of the random noise makes m < 0, it is then reset to m = 0. This generates a series of noisy phantom brains with increasing hypofron-tality that show the effect of noise on the already known noise-free metabolic centroid coordinates (0" = 0). For each computer run a different seed was used to generate the Gaussian distribution N(0,0"2). Phantom brain 5 was geometrically identical to and had similar metabolic distribution mi J, k for each level of hy pofrontality as phantom brain 2, except that the PET camera field of view (100 x 100 pixels) was assumed to deform the image along the y axis according to the ex pression
with A = 0, 0.01, 0.02, 0,0 5, 0.10, This generates a series of distorted hypofrontal phantom brain images that show the effect that a PET camera with a nonuniform field of view has on the distortion-free metabolic centroid coor dinates (A = 0), Phantom brain 6 was geometrically identical to and had similar metabolic distribution mi J. k for each level of hy pofrontality as phantom brain 2, and the PET camera was assumed to deform the image as in phantom brain 5, ex cept that the brain position with the PET camera field of view was shifted backward along the y axis according to the expression
with displacements d = -3, (1), 3 and A = 0,0.01, 0,02, 0,0 5, 0,10, This generates a series of position-shifted hy pofrontal brains that show the effect that a nonuniform field of view has on the metabolic centroid coordinates of a well-centered brain (d = 0), Phantom brain 7 was geometrically identical to and had similar metabolic distribution mi J, k for each level of hy pofrontality as phantom brain 2, except that to each voxel noise was added as in brain phantom 3 and a nonuniform field of view was assumed as in phantom 6 according to the expression
with 0" = 0, (mi J, k) l l2, A = 0, 0.01, 0.02, 0.0 5, 0.10, and d = -3, (1), 3. This generates a series of distorted noisy hypofrontal brain images that show the simultaneous ef fect that camera nonlinearities, positioning errors, and noise have on the metabolic centroid coordinates of a noise-free, distortion-free metabolic centroid coordinate (0" = 0, A = 0, d = 0). Phantom brain 8 was geometrically identical to and had similar metabolic distribution mi J, k for each level of hy pofrontality as phantom brain 7; however, we assume that the ideal positioning of the head in the center of the camera, d = 0, is difficult to achieve, and for a sample of 20 brains the positioning error parameter is chosen at random for each brain as d = N(O,I), This generates a series of hypofrontal phantom brains with metabolic cen troid coordinate (Ym);, i = 1, 20. The sample mean Ym will show the combined effect that random noise, random po sitioning, and camera distortion has on the theoretical invariance of the mean metabolic centroid coordinate of a group of brains. Phantom brain 9 was not a mathematical phantom but a Lucite "PIE " -type cylindrical phantom brain with five sectors, each one containing 18F diluted in water to vary ing concentrations, leaving one 72° sector in the fourth quadrant empty to obtain an asymmetric distribution of activity in the (x,y) plane while remaining constant along the z direction. The cylinder length was 17.9 cm with a radius of 14, 2 cm.
The cylinder was fixed in the PETT VI camera field of view with its axis parallel to the camera axis. The phan tom's central portion was scanned following the same procedure used for a brain. That is, seven two dimensional slices, 14.4. mm apart, were obtained along the z axis, and then the phantom was moved 7. 2 mm along the camera z axis to obtain a second set of seven two dimensional slices. Phantom brain 10 was identical to phantom brain 9 ex cept that it was placed in the center of a PEIT VI camera field of view with its axis at a 7° angle with the camera z axis and with the cylinder's axis contained in the cam era's (y,z) vertical plane, This corresponds to the position of a patient's head whose chin is tilted toward the chest. The same procedure as described for phantom brain 9 was followed to obtain two sets of seven two-dimensional images.
Clinical applications
Local cerebral metabolic rate of glucose was measured with the PETT VI camera using the tracer [IIC] + D deoxyglucose ([IIC]DG) (Reivich et aI., 198 2) in a group of 40 normal subjects, in a group of 22 schizophrenics who were being maintained on neuroleptic medication, and in a second group of 20 schizophrenics who had re ceived no neuroleptic medication for at least 2 weeks be fore their PET scans.
The normal control group included right-handed men, between the ages of 20 and 50 years, who had been se lected for an absence of psychopathology. The schizo phrenic patients were also right-handed men, from 21 to 50 years of age, who satisfied the criteria for schizophre nia outlined in the American Psychiatric Association's Diagnostic and Statistical Manual III (1980) and research diagnostic criteria. Diagnostic evaluation for each patient was performed independently by two psychiatrists. The clinical profiles of these subjects have been presented in previous publications (Brodie et aI., 198 5; Volkow et aI., 1986a; Wolkin et aI., 1985) .
All normal subjects received a complete physical and neurological examination to ensure that they were with out medical illness. An informed consent agreement was signed by all subjects after the nature of the procedure had been fully explained to them. The experimental de sign, protocols, and procedures followed the ethical prin ciples of the Committee for the Protection of Human Sub jects of New York University.
The sensitivity of the PETT VI camera was cross calibrated with the same counter used to measure the tracer activity in the samples of subject blood plasma. An attenuation correction image was generated for each sub ject before he received the dose of tracer. This correction was derived from the pixel-by-pixel ratio of the PET im ages collected from a 68Ga-filled ring with and without the subject's head in the field of view. Before administration of the tracer, the subject's head was positioned and fixed in the PET camera and a transmission image was mea sured using the same 68Ga ring. The resulting image of attenuation coefficients was then used to correct for at tenuation and to also mark the skull edge.
Regional cerebral metabolic rates of glucose were com puted from the regional activity measures by the method of Reivich et aI. (1982) . From the moment that the [llC]DG was injected, blood samples were drawn from a superficial hand vein in which arterialization had been promoted by an air circulation hand warmer. Samples were drawn sufficiently often to represent the tracer con centrations in the blood plasma throughout the study.
After the images were reconstructed, counted, and converted to represent regional cerebral metabolic rates of glucose, the metabolic centroid (xm , ym , zm)j and aver age metabolic rate (mav)j for each subject i were com puted using the definitions of Eqs. 3 and 4. Then the mean metabolic centroid coordinates were computed for each experimental group of subjects by averaging the values of the group members to form a four-dimensional vector ( X m ,Y m ,Z m , ma J·
The null hypothesis of equality of the four-dimensional population mean vectors of the three groups, (a) normal subjects, (b) schizophrenics off neuroleptics, and (c) schizophrenics on neuroleptics, was tested using a one way multivariate analysis of variance (MANOV A). In the event that the null hypothesis was rejected, multivariate Hotelling t tests were performed to compare the four dimensional vector for each pair of groups, i.e., group a vs. b, group a vs. c, and group b vs. c. Finally, pairwise univariate Student t tests were computed to compare the individual components of the mean vectors, i.e., the xm coordinate, the Ym coordinate, the zm coordinate, and the m ay' in order to contrast the same groups. Notice that there are 3 pairwise contrasts for each of the four com ponents of the mean vectors for a total of 12 contrasts.
Two cut points were used to determine if there were significant diff erences in the pairwise univariate compar isons. First, each contrast was tested using Fisher's least significant diff erence (LSD) method at the 5% signifi cance level (Miller, 198 1) . Second, each contrast was tested based upon Bonferroni's inequality to protect the maximum experiment-wise error rate of the 12 contrasts at the 5% significance level (Miller, 198 1) . The one-way MANOV A and the pairwise contrasts were computed us ing BMDP4V from the BMDP Biomedical Computer Pro grams (Dixon et aI., 1983) .
RESULTS
Numerical experiments using phantom brains
Effects of random errors
The numerical results obtained by applying the metabolic centroid method to the mathematical brain phantoms 1, 2, 3, and 4 are shown in Table 1 .
The numerical experiments indicate that the method has a numerical accuracy when computing the metabolic centroid coordinates of better than 2 x 10-2 (pixel) in single precision and 4 x 10-6 if double-precision arithmetic is used for the accumu lating variables in Eq. 8. It should be remembered that these calculations do not take into account er rors connected with the PET camera and the model and computer software used to reconstruct the J Cereb Blood Flow Metab, Vol. 9, No. 3, 1989 brain image. The above results indicate that the "numerical noise" introduced by the computations and approximations of the present method of anal ysis is very small, and hence insignificant for ana lyzing PET measurements. For a pixel size of 2. 78 mm, the single-precision numerical error is <5 x 10-2 mm.
The results of the numerical experiments for brains 3 and 4 shown in Table 1 indicate that the metabolic centroid coordinates are insensitive to random noise affecting every voxel of the image. This property of the method occurs because the in tegrals essentially average out the random noise present within the brain volume. However, it should be pointed out that if the PET camera pro duces a distortion in the image, the random noise no longer has a uniform spatial distribution so that the errors due to random noise might increase above the values y 1 x 10-2 pixel for IT = ml/2 shown in Table 1 . These possible increases will be discussed below, but first we shall examine the effect of po sitioning errors and PET camera distortion.
Effects of deterministic errors
The numerical experiments for brains 5 and 6, shown in Table 2 , indicate that the metabolic cen troid coordinates are insensitive to positioning er rors for a PET camera without distortions. This im plies that the metabolic centroid coordinates would not change in a test-retest situation where the brain is shifted from its original position. This invariance property of the method would be affected if the PET camera field of view were not uniform and distorted the image. For a PET camera producing a 1% dis tortion, a positioning error of 3 pixels induces an error in the Y m coordinate of 3 x 10 -2 pixels, which is a dampening effect of the error by a factor of 100. As the PET camera distortions increase to 5%, a positioning error of 3 pixels induces an error in Ym of 1. 3 x 10-1 , corresponding to a dampening effect of the error by a factor of 20. Finally, for the ex treme case shown in Table 2 of a 10% camera dis tortion, the error induced by a shift of 3 pixels be comes 2. 8 x 10-1 pixel, corresponding to an error dampening factor of � 10.
Combined effect of random and deterministic errors
The numerical experiments for brain 7, shown in Table 3 , indicate that the metabolic centroid coor dinates are insensitive to random noise and posi tioning error for a PET camera without image dis tortion, confirming the theoretical invariance of the metabolic centroid coordinates. The presence of noise does not alter the conclusions obtained from 1.17 X 10-4 ± 1.86 x 10-6 -0.48 ± 1.80 x 10-6 -2.55 ± 2.70 x 10-6 -4.87 ± 1.11 x 10-5 -5.44 ± 1.53 x 10-5 9.85 X 10-3 ± 4.05 x 10-3 -0.47 ± 3.91 x 10-3 -2.53 + 3.60 x 10-3 -4.85 ± 4.00 x 10-3 -5.41 ± 4.26 x 10-3 a Double precision on accumulating variables for Eq. 8 is real *8. Single precision is real *4.
b The noise added to each voxel and metabolic activity m is N(0,(J"2). Brain 3 has (J" = ( m ) lh and brain 4 has (J" = m. The effects of random noise are given as means ± SD for 300 simulations. The units shown for coordinate Ym are in pixels.
Tables 1 and 2. To illustrate the standard deviation normally distributed random noise with mean 0 and of the error in the metabolic coordinate Y m caused variance m added to each voxel. The results indiby the worst combination of positioning error (3 cate that the worst error in Ym is 2.8 X 10-1 pixel for pixels), camera distortion (10%), and noise, Table 4 brain 7 with a negligible value for the standard deshows the results for 300 noise runs. Brain 7 had a viation of 10 -6 . 1.00 0 3.58 X 10-6 3.53 X 10-6 3.45 X 10-6 3.60 X 10-6 3.29 X 10-6 1 3.18 X 10-6 -4.36 X 10-3 -8.71 X 10-3 -2.16 X 10-2 -4.28 X 10-2 2 8.44 X 10-6 -8.72 X 10-3 -1.74 X 10-2 -4.32 X 10-2 -8.56 X 10-2 3 2.55 X 10-6 -1.31 X 10-2 -2.61 X 10-2 -6.49 X 10-2 -1.28 X 10-1 0. -5.44 -5.45 -5.47 -5.52 -5.61 1 -5.44 -5.46 -5.48 -5.54 -5.64 2 -5.44 -5.46 -5.48 -5.56 -5.67 3 -5.44 -5.46 -5.49 -5.57 -5 .71 1.00 0 3.58 X 10-6 3.53 X 10-6 3.45 X 10-6 3.60 X 10-6 3.29 X 10-6 -I 3.98 x 10-6 -4.37 X 10-3 -8.71 X 10-3 -2.16 X 10-2 -4.28 X 10-2 -2 9.88 x 10-6 -8.74 X 10-3 -1.74 X 10-2 -4.33 X 10-2 -8.56 X 10-2 -3 3.94 x 10-6 -1.31 X 10-2 -2.47 X 10-2 -6.49 X 10-2 -1.28 -5.44 -5.45 -5.47 -5.52 -5.61 -I -5.44 -5.45 -5.47 -5.51 -5.58 -2 -5.44 -5.45 -5.46 -5.49 -5.55 -3 -5.44 -5.44 -5.45 -5.48 -5.51 a The results for brain 5, e.g., no positioning error and no camera distortion, correspond to the values shown for d = 0, A = 0 at each level of frontal lobe activity. 
Effect of random positioning in the mean metabolic centroid of a group
The numerical experiments for brain 8 were ob tained as the mean metabolic centroid coordinate
Ym for a group of 20 brains, each one having a ran dom positioning parameter d = NCO, 1). According to Table 2 , the error in Ym caused by the PET cam era distortion is not symmetric with respect to d = 0; therefore, one would not expect its effect to be averaged out and to obtain a Ym for the group that corresponds to d = O. The results of Table 4 con firm this concept; however, they indicate that the error in Ym is negligible, differing at most in 2 x 10-2 pixels from the Ym corresponding to d = 0 for each level of camera distortion shown in Table 2 . With respect to the noise-free, distortion-free theo retical known value of brain 1, a 1 % distortion causes an error of 3 x 10 -2 pixel and for a 10% distortion the error varies from 2 x 10-2 to 1.9 X 10-1 as the frontal lobe activity decreases to the extreme low value of 1%.
18F PIE phantom brain results
The results of the numerical experiments for the PIE phantom brains 10 and 11 and PETT VI camera indicate that for brain 10 the metabolic centroid co ordinates (xm,ym,zm) in the test at 0° were ( -2.16, 3.25, 0.0 1) in pixels. For brain 11 the test at 7° yielded metabolic centroid coordinates (xm,ym,zm) of (-2.12, 3.12, 0.02) in pixels. The differences in the coordinates are 4 x 10 -2 , 1. 3 x 10 -1 , and 1 x 10-2 , which are values within the range obtained for the mathematical phantom brains.
Clinical applications
The trends and test results of each mean meta bolic centroid coordinate and mean metabolic rate are summarized in Table 5 . All three test statistics computed by the BMDP4V program for one-way MANOVA, Wilks' likelihood ratio statistics, Ho telling-Lawley trace statistics, and Roy's maximum J Cereb Blood Flow Metab, Vol. 9, No. 3, 1989 root statistics reject the null hypothesis of equal four-dimensional mean vectors among normal sub jects, schizophrenics off neuroleptics, and schizo phrenics on neuroleptics (p < 0.00 1). The three pairwise four-dimensional multivariate Hotelling t tests are also statistically different (p < 0.004, p < 0.000 1, p < 0.02) (see Table 5 ).
Finally, the set of 12 univariate pairwise contrasts of the difference between individual group mean vector coordinates indicated the following: (a) The metabolic centroid of unmedicated schizophrenics is more posterior (p < 0.04) and at a lower mean metabolic activity (p < 0.0001) than that of the nor mals. (b) The metabolic centroid of medicated schizophrenics is even more posterior (p < 0.002) and inferior (p < 0.0001) than the metabolic cen troid of normals. Also, their mean metabolic activ ity is at a lower level than that of normals (p < 0.0002). (c) The metabolic centroid of medicated schizophrenics is inferior (p < 0.003) to the meta bolic centroid of unmedicated schizophrenics.
The p values shown above are the Fisher LSD values. However, using Bonferroni's inequality to control the maximum experimental error rate at the 5% level, only p values of <0.004 (i.e., 0.05/12) would be regarded as statistically significant. The statistical significance of (a-c) above holds under the Bonferroni method's more conservative re quirements with the exception of the more posterior positions of the metabolic centroid mentioned in (a).
From the rigorous mathematical point of view re garding invariance, the statistical analysis of the re sults should be considered in the coordinate axis of the principal component's system. However, from the practical point of view, the prevailing reference system in the literature is the PET camera axis with the canthomeatal plane parallel to the (x,y) plane of the detectors and the sagittal plane parallel to the (y,z) vertical plane of the camera. To comply with both points of view, we present in Table 5 the re sults in both reference systems. Since the rotation angles between the two reference systems are small, the mean coordinate values in the two sys tems are almost the same. The conclusions of the statistical analysis obtained for each of the refer ence systems are identical.
DISCUSSION
The purpose of this study was to develop and test a method for analyzing PET images that can char acterize the central tendency of the global distribu tion of metabolic activity in the brain. We have found that it is insensitive to noise and head loca· -5.43 -5.44 -5.46 -5.47 -5.53 -5 .62
a The noise added to each voxel's metabolic activity m is N(0,cr 2 ). Brain 8 has cr = (m)lh. The units shown for coordinate Ym are in pixels, given as means ± SD for a group of 20 brains whose random positioning was given by the parameter d = N(O, I).
tion in a uniform PET camera field of view and is simple to use, requiring no computed tomography scans or brain atlas, no need for a priori locating of ROIs, and no requirements for establishing addi tional external reference axes.
Tests with mathematical brain phantoms indicate that the method is simple to use and gives an accu racy for three-dimensional brain images far greater than is required by the accuracy and variability of the PET measurements themselves. The experi ments in mathematical phantom brains confirm the invariance of the metabolic centroid coordinates with respect to spatially uniform random noise and translations and rotations of the head when placed in a uniform field PET camera. For large shifts in head positioning and a 1 % distortion in the image caused by a nonuniform field PET camera, the met abolic centroid coordinates vary typically 2 x 10-2 pixel for all hypofrontality levels and for a 10% dis tortion it became 1. 6 x 10 -I and 2.8 x 10 -I pixel for a relative frontal lobe activity of 0.90 and 0.01, respectively. The IS F PIE phantom brain tested in the PETT VI camera at 0° and retested at 7° indicated a variation in the metabolic centroid coordinates of 4 x 10-2 , 1. 3 X 10-1 , and 1 x 10-2 , respectively. This range of values is similar to those obtained in the numer ical experiments done with mathematical phantom brains.
The results of applying the method of centroids to an actual clinical population show the following: (a) even though the mean metabolic centroid of all sub jects lies very close to the geometric centroid (± 1 pixel), those locations can be statistically distin guished from one another. (b) With respect to the mean metabolic centroid coordinate i m , neither normals nor schizophrenics show significant hemi sphere laterality. (c) With respect to the mean met abolic centroid coordinate )1 m ' the schizophrenic subjects off medication show a hypofrontality of marginal statistical significance with respect to the geometric centroid of the brain compared with the distance found in normal subjects (p < 0.04). In contrast, a strong statistically significant hypofron tality was found in the medicated schizophrenics when compared with the normal group (p < 0.002). (d) The mean metabolic centroid coordinate z m of the schizophrenic group on neuroleptics was lower than the metabolic centroid of the normal group (p < 0.000 1). (e) The effect of medications among schizophrenics is a statistically significant lowering of the metabolic centroid coordinate z m (p < 0.002).
(0 The mean average metabolic activity mav of both the medicated and the unmedicated schizophrenics is significantly less than that of the normal group; however, the difference in may between the medi cated and unmedicated schizophrenic group is not statistically significant.
The most striking of these asymmetries is the hy pofrontality shown by schizophrenics with respect to normal subjects, which is statistically significant for medicated patients and nearly significant for the unmedicated ones. These results are consistent with the findings obtained using the ROI analysis of approach (Buchsbaum et aI. , 1982 (Buchsbaum et aI. , , 1984 Farkas et aI. , 1984; Kling et aI. , 1986; Wolkin et aI. , 1985) .
The accentuation of the metabolic hypofrontality in the medicated schizophrenics is of interest since the possible role of neuroleptics in causing the met abolic hypofrontality has been raised. Indeed, schizophrenic patients who have never received neuroleptics do not show glucose hypofrontality (Volkow et aI. , 1986b) , and studies done on chronic schizophrenics show that the hypofrontality is re lated to the age of the patient, to the chronicity of the illness, and hence possibly to years of exposure to medication (V olkow et aI. , 1987) .
In addition to those findings, the present analysis shows that the medicated group of schizophrenics has a lower location of the metabolic centroid than the normal control group. The accentuated hy pofrontality in the medicated schizophrenics and the hyperactivity of subcortical structures reported in schizophrenics (Volkow et aI. , 1986a) could ac count for this downward and backward displace ment of the metabolic centroid observed in these patients.
In conclusion, in spite of its mathematical sim plicity and its efficient computer implementation, the metabolic centroid method appears to be a highly sensitive three-dimensional index of brain asymmetry. Furthermore, the method can even be applied to single slice ROIs, not only of metabolic images, but also for other physiological measures such as blood flow, regional oxygen exchange frac tion, and the like.
Presently work is in progress to generalize the approach of the method of centroids to make it pos sible to use it as a tool in the clinical classification of brain images and to relate the metabolic centroid properties of a metabolic image to the anatomic ar eas of the brain affected by mental illness.
This study raises many questions. If the meta bolic centroid of normal subjects is different from that of schizophrenics, what underlying physiolog ical processes are being probed? Is there a regional signature of schizophrenia in the distribution of metabolic activity? Is the chronic administration of neuroleptics the cause of the spatial shift of the met abolic centroid, or is the drug-induced change in J Cereb Blood Flow Metab, Vol. 9, No. 3, 1989 behavior responsible? In other words, the method signals differences for which physiological mecha nisms must be sought.
which define the orientation of the principal axes with respect to the PET camera axes, will change accordingly.
For the particular case where (a) the internal symmetry plane of the brain coincides with the ex ternal sagittal plane of the skull, (b) the skull sagittal plane is oriented parallel to the PET camera axes (Y,z) and (c) the principle axis z p of the brain is parallel to the PET camera z axis, one would obtain the result that al = 132 = "'13 = 0, and the matrix of direction cosines would become the identity matrix.
In practice this does not occur. For example, the brain rotations found for the 82 brains of this study have the following values (mean ± SEM): lall = 3.87 ± 0.30°, max al = 14.20°; 11321 = 4.82 ± 0.30°, max 132 = 13.32°; 1"'131 = 3.54 ± 0.22°, max "'13 = 9.43°. Table 5 shows the mean metabolic centroid coor dinates (x m .Y m ,z m ) computed in the principal axes of the brain along with may, the mean metabolic rate (which is invariant to axis rotations).
Since the angles of al,132,"'13 are small, the mean coordinate values in each system are almost the same. The conclusions of the statistical analysis ob tained for the two reference systems are identical.
